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ARF EXCIMER LASER DEVICES, KRF EXCIMER LASER DEVICES 
AND FLUORINE LASER DEVICES 

Background of the Invention 

Field of the Invention 

[0001] This invention relates to gas laser devices that emit ultraviolet light, and 
particularly KrF excimer laser devices, ArF excimer laser devices and fluorine laser devices 
in which the laser operation has a long laser oscillation pulsewidth. 

Description of Related Art 

[0002] With the miniaturization of and the high degree of integration of 
semiconductor integrated circuits, greater resolution has been demanded of the projection 
exposure equipment used in their fabrication. For that reason, the wavelengths of light 
emitted from exposure light sources have become increasingly shorter. At present, KrF 
excimer laser devices with a shorter wavelength of the beam than the wavelength of the light 
emitted from mercury lamps are used as semiconductor exposure light sources. However, 
gas laser devices that emit ultraviolet rays, such as ArF excimer laser devices and fluorine 
laser devices, are promising candidates for the next generation of semiconductor exposure 
light sources. 

[0003] The gas laser devices mentioned above use a mixed gas comprising fluorine 
gas (F 2 ), krypton gas (Kr) and a rare gas such as neon (Ne) as a buffer gas, or in the case of 
ArF excimer devices, a mixed gas comprising fluorine gas (F 2 ), argon gas (Ar) and a rare gas 
such as neon (Ne) as a buffer gas, or in the case of fluorine laser devices, a mixed gas 
comprising fluorine gas (F 2 )and a rare gas such as helium (He) as a buffer gas. The mixed 
gas is sealed in the laser chamber at a pressure of several hundred kPa, and an electrical 
discharge is used to excite the laser gas, which is a laser medium. 

[0004] The central oscillation wavelength of an ArF excimer laser device is 193.3 ran, 
which is shorter than the 248 ran central oscillation wavelength of a KrF excimer laser 
device. For this reason, the damage done to the quartz glass used in the projection lens 
systems of exposure equipment such as steppers is greater than in the case of KrF excimer 
lasers, and the reduced service life of the lens system is a problem. 
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[0005] The damage done to the quartz is in the form of color centers and compaction 
(increased index of refraction) formed by two-photon absorption. The former is manifest as a 
reduced index of transmission and the latter as a reduction of the lens system's capacity for 
resolution. Effects of that sort can be avoided by stretching the laser pulse width (pulse 
stretching). Now, this pulse stretch is desirable for the following reason. 

[0006] In projection exposure equipment, the image of the mask that implements the 
circuit pattern is projected through the projection lens onto the workpiece, such as a wafer 
coated with photoresist. The resolution R and depth of focus DOF are expressed in the 
following formulas. 



where ki and k 2 are coefficients that reflect characteristics of the resist, X is the wavelength 
of the exposure light emitted by the exposure light source, and NA is the numerical aperture. 

[0008] In order to increase the resolution R, as is clear from formula (1), a shorter 
wavelength of the exposure light and a higher NA are selected, but to the extent that is done, 
the depth of focus DOF becomes smaller, as shown in formula (2). Because that increases 
the chromatic aberration effect, it is necessary to narrow the spectrum line width of the 
exposure light. In other words, it is necessary to further narrow the spectrum line width of 
the laser ray emitted by the gas laser device. 

[0009] It has been reported in Proc. SPIE Vol. 3679, (1999) 1030-1037 that stretching 
the laser pulse width narrows the spectrum line width of the laser ray. This effect has been 
verified in experiments by the present inventors. In other words, to raise the resolution R, the 
spectrum line width of the laser light must be narrowed, and that requires stretching of the 
laser pulsewidth. 

[0010] With the backdrop noted above, in Japanese Patent Application HI 1-362688, 
the present applicant proposed, as a means to stretch the pulsewidth, an ArF excimer laser 
device connected to the output terminal of a magnetic pulse compression circuit. The laser 
device having within the laser chamber a pair of laser discharge electrodes and a peaking 
capacitor connected in parallel to the pair of laser discharge electrodes. In the laser device, 
the primary current that injects energy from the magnetic pulse compression circuit through 
the peaking capacitor into the discharge electrodes and the secondary current that injects 
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R = ki - UNA 

DOF=k 2 -X/(NA) 2 
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energy into the discharge electrodes from the capacitor used to charge the peaking capacitor 
in the final stage of the magnetic pulse compression circuit are combined. The oscillation 
period of the secondary current is set longer than the oscillation period of the primary current. 

[001 1] Proc. SPIE Vol. 3679, (1999) 1050-1057 provides a well known example of a 
laser pulse output waveform with the FWHM (measurement of the full width of the pulse at 
one half the maximum amplitude) measured at 30 ns or more. 

[0012] In general, when the pulsewidth FWHM is stretched, the number of round 
trips in the optical resonator (times the laser beam travels back and forth within the optical 
resonator) increases, and the spectrum line width narrows. 

[0013] According to Proc. SPIE Vol. 3679, (1999) 1030-1037, the spectrum line 
width can be made narrower when, at a given pulse width, the relative intensity of the latter 
half of the pulse is increased. Hence, this paper describes the relationship between spectrum 
line width and the variations in the laser pulse waveform caused by varying the concentration 
of fluorine (in waveforms with FWHM in the 20 ns range). 

[0014] Aside from the pulse stretching mentioned above, JPO Kokai Patent HI 1-8431 
proposed the use of an etalon coupler in the optical resonator as a method of narrowing to 0.4 
pm or less. 

[0015] Now, fluorine laser devices with a pulsewidth FWHM of 12 ns or less are well 

known. 

[0016] In the ArF excimer laser device introduced in Proc. SPIE Vol. 3679, (1999) 
1030-1037, however, the pulsewidth FWHM was in the 20 ns range, and the line width was 
reduced to 0.4 pm by lowering the oscillation efficiency. Because reducing the concentration 
of fluorine also lowers the output, there are limits to how much the line width of a long pulse 
can be narrowed by means of the concentration of fluorine. 

[0017] Using an etalon coupler, as proposed in the JPO Kokai Patent HI 1-8431, also 
produces high technical barriers, such as difficulties in controlling the central wavelength. 

Summary of the Invention 

[0018] The primary object of the invention is to obviate the problems noted above in 
the prior technology. In particular, the purpose of the present invention is to introduce a 
method of varying the laser pulse waveform to the method of pulse stretching proposed by 
the present applicant. As such, the present invention may utilize an ArF excimer laser device 
for exposure that is capable of a pulsewidth FWHM of 20 ns or more, a pulse duration of 50 
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ns or more, and a spectrum line width FWHM of 0.35 pm or less. The present invention may 
also use a KrF excimer laser device and a fluorine laser device with pulses stretching beyond 
the conventional width by introduction of such a method. 

[0019] This object is achieved in accordance with the invention in that the ArF 
excimer laser device of this invention is one which connects to the output terminal of a 
magnetic pulse compression circuit and includes a pair of laser discharge electrodes located 
within the laser chamber and a peaking capacitor connected in parallel with the pair of laser 
discharge electrodes, wherein the output waveform of the laser pulse has a bifurcated form 
comprising a front half peak and a later half peak. If the peak value of the front half peak is 
PI and the peak value of the later half peak is P2 and the (proportion of the pulse later half 
peak) = P2 / (PI + P2) x 100 (%), then the (proportion of the pulse later half peak) is 50% or 
more. 

[0020] In this case, it is preferable that the primary current that injects energy from 
the magnetic pulse compression circuit through the peaking capacitor into the discharge 
electrodes and the secondary current that injects energy into the discharge electrodes from the 
capacitor used to charge the peaking capacitor in the final stage of the magnetic pulse 
compression circuit are combined. In addition, the oscillation cycle of the secondary current 
is set at three to six times the oscillation cycle of the primary current, such that the first half 
cycle of the discharge oscillation current waveform of the primary current combined with the 
secondary current when it reverses polarity, and at least the succeeding two half cycles form 
one pulse of laser oscillation activity. 

[0021] Moreover, it is preferable that the FWHM of the laser pulse output waveform 
be 20 ns or longer, and that the duration of the output laser pulse be 50 ns or longer. 

[0022] Also, it is desirable that the number of round trips in the optical resonator be 
five or more. 

[0023] In addition, it is preferable that the magnetic pulse compression circuit have a 
magnetic pulse compression section comprising a semiconductor switch and one or more 
stages of capacitor and magnetic switch, and that the capacitance Cp of the peaking capacitor 
and the capacitance Cn of the capacitor that charges the peaking capacitor in the final stage of 
the magnetic pulse compression circuit be in a proportion such that Cp/Cn does not exceed 
0.75. 

[0024] Preferably, the partial pressure of Ar in the laser chamber should be 3% or 

less. 
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[0025] Furthermore, it is preferable that the total gas pressure in the laser chamber be 
3.5 atmospheres or less. 

[0026] Additionally, it is preferable that the inter-electrode gap of the discharge 
electrodes be no more than 17 mm. 

[0027] Further, it is preferable that the reflectivity of the output mirror of the optical 
resonator located in the laser chamber exceed 50%. 

[0028] Still, it is preferable that in the above, more specifically, the magnetic pulse 
compression circuit have a magnetic pulse compression section comprising a semiconductor 
switch and one or more stages of capacitor and magnetic switch. The inductance of the 
circuit loop comprising the peaking capacitor and the main discharge electrodes should be 
from 4 to 8 nH, the total gas pressure in the laser chamber should be from 2.5 to 3.7 
atmospheres, the partial pressure of fluorine should be no more than 0.1%, and the rise time 
until breakdown of the voltage impressed on the main discharge electrodes should be from 30 
to 80 ns. Additionally, the capacitance Cp of the peaking capacitor and the capacitance Cn of 
the capacitor that charges the peaking capacitor in the final stage of the magnetic pulse 
compression circuit should be in a proportion such that 0.45 < Cp/Cn< 0.75. 

[0029] Likewise, it is preferable that the capacitance Cp of the peaking capacitor be 
less than 10 nF. 

[0030] In another embodiment of the invention, the fluorine laser device of this 
invention is one which connects to the output terminal of a magnetic pulse compression 
circuit and has a pair of laser discharge electrodes located within the laser chamber and a 
peaking capacitor connected in parallel with the pair of laser discharge electrodes, wherein 
the output waveform of the laser pulse has a bifurcated form comprising a front half peak and 
a later half peak and, if the peak value of the front half peak is PI and the peak value of the 
later half peak is P2 and the (proportion of the pulse later half peak) = P2 / (PI + P2) x 100 
(%), then the (proportion of the pulse later half peak) is 50% or more. 

[0031] In this case, it is preferable that the primary current that injects energy from 
the magnetic pulse compression circuit through the peaking capacitor into the discharge 
electrodes and the secondary current that injects energy into the discharge electrodes from the 
capacitor used to charge the peaking capacitor in the final stage of the magnetic pulse 
compression circuit are combined, and the oscillation cycle of the secondary current is set at 
three to six times the oscillation cycle of the primary current, such that the first half cycle of 
the discharge oscillation current waveform of the primary current combined with the 
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secondary current when it reverses polarity, and at least the succeeding two half cycles form 
one pulse of laser oscillation activity. 

[0032] In still another embodiment of the present invention, the KrF excimer laser 
device of this invention is one which connects to the output terminal of a magnetic pulse 
compression circuit and which has a pair of laser discharge electrodes located within the laser 
chamber and a peaking capacitor connected in parallel with the pair of laser discharge 
electrodes, wherein the output waveform of the laser pulse has a bifurcated form comprising 
a front half peak and a later half peak and, if the peak value of the front half peak is PI and 
the peak value of the later half peak is P2 and the (proportion of the pulse later half 
peak) = P2/(P1 + P2)x 100 (%), then the (proportion of the pulse later half peak) is 50% or 
more. 

[0033] In this case, it is preferable that the primary current that injects energy from 
the magnetic pulse compression circuit through the peaking capacitor into the discharge 
electrodes and the secondary current that injects energy into the discharge electrodes from the 
capacitor used to charge the peaking capacitor in the final stage of the magnetic pulse 
compression circuit are combined, and the oscillation cycle of the secondary current is set at 
three to six times the oscillation cycle of the primary current, such that the first half cycle of 
the discharge oscillation current waveform of the primary current combined with the 
secondary current, when it reverses polarity, and at least the succeeding two half cycles form 
one pulse of laser oscillation activity. 

[0034] In this invention, the output waveform of the laser pulse has a bifurcated form 
comprising a front half peak and a later half peak and, if the peak value of the front half peak 
is PI and the peak value of the later half peak is P2 and the (proportion of the pulse later half 
peak) = P2 / (PI + P2) x 100 (%), then the (proportion of the pulse later half peak) is 50% or 
more. Therefore, in the ArF excimer laser device with the stretched pulse, it is possible to 
realize an exposure beam in which the spectrum line width FWHM is no more than 0.35 pm. 
It is also possible to obtain shorter than usual spectral line widths in the KrF excimer laser 
devices and the fluorine laser devices. 

Brief Description of the Drawings 

[0035] Figure 1 is a waveform diagram to explain principle of the ArF excimer laser 
device of this invention; 
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[0036] Figure 2 is a drawing of structure of the ArF excimer laser device applying 
this invention; 

[0037] Figure 3 is a circuit diagram showing example of excitation circuit based on 
this invention; 

[0038] Figure 4 is a diagram showing bifurcated laser pulse waveform obtained from 
ArF excimer laser device in one concrete example; 

[0039] Figure 5 is a diagram showing results of investigation of changes in spectrum 
line width of oscillating laser beam over time from beginning of oscillation in bifurcated laser 
pulse waveform; 

[0040] Figure 6 is a diagram showing bifurcated laser pulse waveform obtained from 
ArF excimer laser device in one implementation of this invention; 

[0041] Figure 7 is a diagram showing bifurcated laser pulse waveform obtained from 
ArF excimer laser device in another implementation of this invention. 

[0042] Figure 8 is a diagram showing bifurcated laser pulse waveform obtained from 
ArF excimer laser device in control case for this invention; 

[0043] Figure 9 is a diagram plotting spectrum line width relative to proportion of 
later half of pulse; 

[0044] Figure 10 is a diagram showing results of actual measurement of dependence 
of proportion of later half of pulse on Cp/C2; 

[0045] Figure 11 is a diagram showing results of an actual measurement of the 
dependence of the proportion of a later half of a pulse on a concentration of Ar; 

[0046] Figure 12 is a diagram showing results of an actual measurement of the 
dependence of the proportion of a later half of a pulse on pressure of all gases; and 

[0047] Figure 13 is a diagram showing results of an actual measurement of the 
dependence of a proportion of the later half of a pulse on an output mirror reflectivity. 

Detailed Description of the Invention 

[0048] The principles of this invention and an implementation are explained below, 
with reference to the drawings. 

[0049] As for the principles, the specific operation of the pulse stretching circuit is to 
hasten the rise and heighten the peak of the primary current that flows in the discharge space 
from the peaking capacitor connected in parallel to the pair of laser discharge electrodes 
located in the laser chamber, and to shorten the cycle of the primary current and to easily 
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stabilize and maintain the discharge. By joining the second cycle of the primary current that 
flows in the discharge space from the peaking capacitor with the charge remaining in the 
capacitor used to charge up the peaking capacitor of the magnetic pulse compression circuit 
(the portion not transferred to the peaking capacitor before discharge), the first half cycle of 
the discharge oscillation current waveform that reverses the polarity and at least the 
succeeding two half cycles make up the laser oscillation operation. 

[0050] Figure 1 is a concept drawing of the above noted state. By determining the 
circuit constants that hasten the rise of the primary current flowing from the peaking 
capacitor, increasing the peak value and shortening the cycle (specifics of the circuit structure 
and circuit constants are discussed below), the discharge is easily stabilized and maintained. 

[0051] The circuit constants are set so that at the time of discharge, a charge will 
remain in the capacitor (the final stage capacitor) that charges the peaking capacitor of the 
magnetic pulse compression circuit (specifics of the circuit structure and circuit constants are 
discussed below). The settings make the period of the secondary current when the residual 
charge flows through the discharge space longer (by a factor of 3 to 6) than the period of the 
primary current. 

[0052] The current that flows between the discharge electrodes is a combination of 
the primary current and the secondary current; as shown in figure 1. The laser oscillation 
action depends on the first half cycle and at least the two succeeding half cycles of the 
combined current which polarity reverses. 

[0053] As a supplementary explanation, in figure 1 the combined current has the 
same polarity in the 1st half cycle and the 3rd half cycle, and the strength of the combined 
current is increased. The energy injected into the discharge space is greater than in the 
conventional case where there is no secondary current, and the oscillation energy is also 
greater. In the 2nd half cycle of oscillation current, however, the current value is smaller, 
therefore, the energy injected is reduced. But even in this case, the discharge continues even 
though the polarity reverses following the 1st half cycle, and the energy is injected 
efficiently. Therefore, it is possible for the laser oscillation action to continue from the 1st 
half cycle through the 2nd, and then the 3rd half cycle. 

[0054] Thus, the primary current that injects energy from the magnetic pulse 
compression circuit through the peaking capacitor into the discharge electrodes is combined 
with the secondary current that injects energy into the discharge electrodes from the capacitor 
for charging the peaking capacitor of the magnetic pulse compression circuit. The oscillation 
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period of the secondary current is set longer than the oscillation period of the primary current, 
and the constitution is such that the laser oscillation action depends on the first half cycle and 
at least the two succeeding half cycles of the combined current which polarity reverses. This 
make it possible to stretch the pulsewidth Ti s to 40 ns, narrow the line width from 0.5 pm 
(half value) , increase the resolution and, by stretching the pulse in this way, reduce the peak 
beam intensity and lessen damage to the quartz material. 

[0055] The pulsewidth T is is defined by formula (3) below. 

[0056] 

T is = (T(t)dt) 2 / (T(t)) 2 dt (3) 
where T(t) is the instantaneous laser waveform. 

[0057] Figure 2 is a drawing of the structure of an ArF excimer laser device applying 
this invention that is described below. In Figure 2, 1 is the laser chamber. There are 
windows in both ends, and the chamber is filled with a mixed gas comprising fluorine gas, 
argon gas and a buffer gas (neon gas, for example). 

[0058] Within the laser chamber 1 is a pair of discharge electrodes 2, 2 facing across 
a specified gap. A high-voltage pulse from the high-voltage pulse generator 3 is impressed 
on the discharge electrodes 2,2 and a discharge occurs, causing excitation of the laser gas that 
is the laser medium. The laser gas is circulated within the laser chamber by a fan 4 that is set 
within the laser chamber 1 . 

[0059] Because of this circulation of laser gas, the laser gas between the discharge 
electrodes 2 is replaced by new gas after the discharge occurs and before the next discharge 
occurs, and so the next discharge is a stable discharge. 

[0060] The present inventors have improved the mode of circulation of the laser gas 
in the laser chamber 1, and the shape of the fan 4, and have achieved repetition rates of 2 kHz 
and above. 

[0061] At one end of the laser chamber 1 is a line-narrowing module that has an 
optical system to narrow the spectrum line width of the laser ray. The line-narrowing module 
5 can be made up of, for example, a beam-expanding optical system of one or more prisms, 
and a Littrow reflective diffraction grating. An output mirror 6 is located at the other end of 
the laser chamber 1. This output mirror 6 and the line-narrowing module 5 constitute the 
laser resonator. 

[0062] A portion of the ArF excimer laser beam that emerges from the output mirror 6 
is extracted by a beam sampler 7 and is guided to a means of waveform detection 8 that 
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detects the waveform of the laser beam over time. The means of waveform detection 8 can 
use, for example, photodiodes or photomultiplier tubes. The waveform data obtained by the 
means of waveform detection 8 is passed to a means of pulsewidth computation 9. On the 
basis of the pulsewidth data received, the means of pulsewidth computation 9 computes the 
laser pulsewidth Ti S in accordance with formula (3). 

[0063] Across the main discharge electrodes 2, 2 of this ArF excimer laser device 
there is a main discharge voltage from an exciter circuit, such as that shown in Figure 3. A 
pre-ionization discharge voltage is also impressed across the electrodes 11 and 13 of a corona 
pre-ionization section 10, through the pre-ionization capacitor Cc. Now, in this example, the 
corona pre-ionization section 10 is constituted with a 1st electrode 11, which is a cylindrical 
electrode inserted into a tube 12 made of a dielectric substance such as high-grade alumina 
ceramics and open on one end, and a 2nd electrode 13 that is a rectangular plate electrode, 
with the plate of the 2nd electrode curved at one edge; at this edge there is a line of contact 
parallel to the outer surface of the dielectric tube 12 of the 1st electrode 11. The position of 
contact is located close to one side of the main discharge electrode 2 at a point with access to 
the laser excitation space between the main discharge electrodes 2, 2. 

[0064] The excitation circuit in Figure 3 has a two-stage magnetic pulse compression 
circuit that uses three magnetic switches SL0, SL1 and SL2 that are saturable reactors. The 
magnetic switch SL0 is used to protect a solid-state switch SW, and the 1st magnetic switch 
SL1 and the 2nd magnetic switch SL2 make up the two stage magnetic pulse compression 
circuit. 

[0065] The structure and operation of the circuit is explained here following Figure 3. 
First, the voltage from the high-voltage power source HV is controlled at a specified level. It 
passes through the magnetic switch SL0 and an inductance LI to charge the main capacitor 
CO. At that time, the solid-state switch SW is turned off. When charging of the main 
capacitor CO is completed and the solid-state switch SW is turned on, the voltage across the 
terminals of the solid-state switch SW is shifted to the terminals of the magnetic switch SL0 
to protect the solid-state switch SW. If the time quadrature value of the charging voltage V0 
of the main capacitor CO on the magnetic switch SL0 reaches the threshold value determined 
by the characteristics of the magnetic switch SL0, then the magnetic switch SL0 saturates and 
the magnetic switch turns on; current flows through the loop of the main capacitor CO, the 
magnetic switch SL0, the solid-state switch SW and the capacitor CI, and the charge stored 
in the main capacitor CO charges up the capacitor CI. 
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[0066] Then, when the time quadrature value of voltage VI in capacitor CI reaches 
the threshold value determined by the characteristics of the magnetic switch SL1, then the 
magnetic switch SL1 saturates and the magnetic switch turns on. Current flows through the 
loop of the main capacitor CI, the capacitor C2 and the magnetic switch SL2, and the charge 
stored in the capacitor CI charges up the capacitor C2. 

[0067] After that, when the time quadrature value of voltage V2 in capacitor C2 
reaches the threshold value determined by the characteristics of the magnetic switch SL2, 
then the magnetic switch SL2 saturates and the magnetic switch turns on. Current flows 
through the loop of the main capacitor C2, the peaking capacitor Cp and the magnetic switch 
SL2, and the charge stored in the capacitor C2 charges up the peaking capacitor Cp. 

[0068] As is clear from the explanation of Figure 3, the corona discharge for pre- 
ionization occurs on the outer surface of the dielectric tube 12, based on the location of the 
contact between the dielectric tube 12 and the 2nd electrode 13. As the charging of the 
peaking capacitor Cp in Figure 3 progresses, ultraviolet radiation is produced at the surface of 
the dielectric tube 12, and the laser gas which is the laser medium between the main 
discharge electrodes 2, 2 undergoes pre-ionization. 

[0069] As the charging of the peaking capacitor Cp continues further, the voltage V3 
of the peaking capacitor Cp climbs, and when this voltage V3 reaches a certain value (the 
breakdown voltage) Vb, the laser gas between the main discharge electrodes 2, 2 breaks 
down, and the main discharge begins. The laser medium is excited by this discharge, and a 
laser beam is produced. At that point the voltage of the peaking capacitor Cp drops sharply 
because of the main discharge, and the charging cycle returns to the beginning. 

[0070] This discharge operation occurs repeatedly through the action of the solid- 
state switch SW, and so the pulse laser oscillation takes place at a fixed repetition rate. 

[0071] The inductance of the various stages of the charge transfer circuit made up of 
the magnetic switches SL1, SL2 and the capacitors CI, C2 is set to decrease in the last stage, 
and so there is a pulse compression mechanism such that the pulse width of the current pulse 
becomes narrower in each stage. A strong discharge is achieved by the short pulse between 
the main discharge electrodes 2, 2. 

[0072] In the case of an ArF excimer laser device used as a light source for exposure 
of semiconductors, the gap between the main electrodes 2, 2 must be about 14 to 18 mm, and 
about 550 to 750 mm in length. 
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[0073] For pulse stretching under the principle described above, the capacity of the 
peaking capacitor Cp must be less than 10 nF. 

[0074] Thus, it is necessary that there be a rise time in the range of 30 to 80 ns before 
breakdown of the voltage impressed on the main discharge electrodes 2, 2. The rise time to 
the breakdown voltage Vb is defined by taking the steepest part of the rise in the first half 
cycle when the voltage V3 is impressed on the main discharge electrodes 2,2 to be a straight 
line, and measuring from the point where that straight line would cross the zero voltage line 
to the point when the breakdown voltage Vb is reached. 

[0075] The stray inductance in the loop formed by the peaking capacitor Cp and the 
main discharge electrodes 2, 2 (the discharge current circuit) of the excitation circuit of figure 
3 should be kept as slight as possible, but in practice it cannot be reduced below about 4 to 8 
nH. 

[0076] If, in the case of ArF, 2.5 to 3.7 atmospheres of laser gas consisting of Ar + F 2 
+ Ne is used, it is preferable that the pressure of the fluorine not exceed 0.1% of the total 
pressure of the laser gas. 

[0077] Moreover, if Cn is the capacitance of the final stage capacitor in the magnetic 
pulse compression circuit (capacitor C2 in figure 3), it is necessary that the ratio of Cp to Cn 
be in the range 0.45 < Cp/Cn < 0.75. 

[0078] Moreover, it is preferable that the capacitance of the pre-ionization capacitor 
Cc be no more than 5% of Cp. 

[0079] Moreover, it is preferable that the reflectivity of the output mirror 6 of the 
optical resonator be 50% or higher. 

[0080] Moreover, it is preferable that the number of round trips (by the laser beam 
back and forth in the optical resonator) be 6 or more. 

[0081] In this way, it is possible to realize a high repetition rate, stretched pulse, 
narrow line width ArF excimer laser as in JPO Patent Application HI 1-362688, with a 
repetition rate of 2 kHz or higher, a laser pulse width Ti S of 40 ns or greater as defined by 
formula (3), a laser pulsewidth FWHM of 20 ns or greater and duration (time from the 
beginning to the end of laser pulse oscillation; see figure 4) of 50 ns or greater. 

[0082] The ArF excimer laser device of this invention takes the pulse stretching of 
JPO Patent Application Hll-362688 as its premise, and then further narrows the spectrum 
line width. 
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[0083] The following explanation is premised on the explanation connected with 
Figures 1 through 3. As stated above, the combined oscillating current shown in Figure 1 has 
the same polarity in the first half cycle and the third half cycle. The currents combine and the 
intensity is greater, and the energy injected into the discharge space is greater and the 
oscillation energy is greater than in the conventional case where there is no secondary 
current. In the 2 nd half cycle of the oscillation current, however, the current value is smaller, 
therefore, the energy injected is small. For that reason, under the principles of JPO Patent 
Application HI 1-362688, the output waveform of a laser pulse oscillated from the ArF 
excimer laser device is actually a bifurcated waveform with a front half peak pi and a later 
half peak p2, as shown in Figure 4. The front half peak pi corresponds to the first half cycle 
of combined oscillation current in Figure 1, and the later half peak p2 corresponds to the third 
half cycle. The valley between them corresponds to the second half cycle of oscillation 
current. Now, the peak pr of the small, short ripple that is combined with the waveforms of 
the two big peaks pi, p2 is an output waveform peak that corresponds to a round-trip. The 
interval between these output waveform peaks pr that correspond to round trips is twice the 
length of the resonator divided by the speed of light. 

[0084] Figure 5 shows the results of investigation of changes in the spectrum line 
width FWFfM of the oscillation laser beam over time in the initial oscillation of this 
bifurcated laser pulse waveform. It is clear from this figure that the spectrum line width 
narrows with the passage of time of the laser pulse waveform. That means that within a 
single pulse, the spectrum line width of the laser is relatively broad when it begins to oscillate 
but becomes narrower as time passes. The fact that the spectrum line width becomes smaller 
as time passes is because the number of round-trips by the oscillating laser beam within the 
resonator increases with time, and that can be explained logically in terms of principles. 

[0085] The relationship in Figure 5, as in Figures 6, 7 and 8, makes it clear that even 
though there are changes in the bifurcated waveform, it is dependent on time alone. 

[0086] From these results it can be predicted that, in bifurcated laser pulse 
waveforms, the average spectrum line width FWHM of one pulse will be narrowed in 
proportion to the size of the area of the later half peak p2 relative to that of the front half peak 
pi. In the case of an ArF excimer laser device as a light source for exposure of 
semiconductors, the narrower the average spectrum line width FWHM of a pulse is, the 
smaller the effect of chromatic aberration of the optical system will be. Therefore, it is 
preferable that the average spectrum line width FWHM of a pulse be as narrow as possible. 
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[0087] Formula (4) below defines, as a parameter to express the ratio of the area of 
the front half peak pi and the area of the later half peak p2, the proportion of the later half 
peak p2 to the front half peak pi when the height (peak value) of the front half peak is Pi and 
the height (peak value) of the later half peak p2 is P 2 . 

[0088] (proportion of the pulse later half peak) = P 2 / (Pi + P 2 ) x 100 (%) (4) 
Changing the output waveform of the bifurcated laser pulse as in Figures 6, 7 and 8 results in 
the relationship plotted in Figure 9 between the proportion of the pulse later half peak and the 
spectrum line width. Strictly speaking, the proportion of the pulse later half should be 
expressed as the ratio of areas rather than the ratio of peak values P 2 / (Pi + P 2 ) , but formula 
(4) is a close approximation in the case of laser pulses obtained by using an oscillation 
current comprising the combined primary current and secondary currents that flow between 
the discharge electrodes. 

[0089] From the results in Figure 9, it is known that in order to make the spectrum 
line width FWHM in the output waveform of a laser pulse from an ArF excimer laser device 
no greater than 0.35 pm, as required for equipment for exposure of semiconductors, it will be 
necessary that the proportion of the pulse later half peak be at least 50%. Moreover, it is 
known that to make the spectrum line width FWHM no greater than 0.3 pm, it will be 
necessary that the proportion of the pulse later half peak be at least 70%. 

[0090] Moreover, the greater the number of round trips as defined in formula (5), the 
more the resonance effect will narrow the spectrum line width FWHM, but because the 
length of the resonator is normally set at 1.2 to 1.5 m for ArF excimer laser equipment for 
exposing semiconductors, the lower limit for the number of round trips is 5 or more, and it is 
preferable to set a higher number. 

[0091] (round trips) = (pulse duration) / {2 x (resonator length) / c} (5) 
In order to increase the (proportion of the pulse later half peak) defined in formula (4), it is 
best to make a relative reduction in the proportion of the laser oscillation that is dependent on 
the primary current that injects energy from the magnetic pulse compression circuit through 
the peaking capacitor into the discharge electrodes. Parameters that can be varied to 
accomplish that include Cp/Cn, Ar concentration, total pressure of laser gas, gap between 
main discharge electrodes 2,2, and reflectivity of output mirror 6 of the optical resonator. 
These are explained below. 

[0092] Because the value of Cp/Cn is directly related to the primary current, 
reduction of the value of Cp means a relative decrease in the primary current, and so reducing 
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Cp/Cn will increase the proportion of the pulse later half peak. Figure 10 shows the results of 
actual measurement of dependence on Cp/Cn when the Ar concentration is 3% and the total 
gas pressure is 3.5 atmospheres. From the measured results, it can be said that in order to 
have the proportion of the pulse later half peak be 50% or greater, it is preferable that Cp/Cn 
be no greater than 0.75. 

[0093] As for the concentration of Ar, reduction of the concentration of Ar gas will 
reduce the amount of excimer production, and so there will be a relative reduction of 
oscillation in the rise region, and the proportion of the pulse later half peak will increase. 
Figure 1 1 shows the results of actual measurement of dependence on Ar concentration when 
Cp is 9 nF, C2 is 12 nF, and total gas pressure is 3.5 atmospheres. From the measured 
results, it can be said that to have the proportion of the pulse later half peak at 50% or 
greater, it is preferable that the concentration of Ar be no greater than 3%. 

[0094] With regard to the total gas pressure, the voltage at which discharge begins 
will drop as total gas pressure is reduced, and so there will be a relative reduction of the 
primary current. Therefore, when the total gas pressure is reduced, the proportion of the 
pulse later half peak increases. Figure 12 shows the results of actual measurement of 
dependence on total gas pressure when Cp is 9 nF, C2 is 12 nF, and Ar concentration is 3%. 
From the measured results, it can be said that to have the proportion of the pulse later half 
peak at 50% or greater, it is preferable that the total gas pressure be no greater than 3.5 
atmospheres. 

[0095] As for the gap between the main discharge electrodes 2, 2, if the gap is d and 
the total gas pressure is P, then the voltage at which discharge begins will be roughly equal 
whenever the product of d and P is the same. Therefore, if the gap between the main 
discharge electrodes 2, 2 is narrowed, the voltage at which discharge begins will be lowered 
and there will be a relative decrease of the primary current. For that reason, if the gap 
between the main discharge electrodes 2, 2 is reduced, the proportion of the pulse later half 
peak increases. Specifically, on the basis of the pulse stretching described in JPO Patent 
Application HI 1-362688, it is preferable that the gap be in the range of 14 to 18 mm, and not 
greater than 17 mm. 

[0096] Further, with regard to the reflectivity of the output mirror 6 of the optical 
resonator, there is a relative increase of the time spent in the resonator as the reflectivity 
increases, and so the (proportion of the pulse later half peak) will increase. Figure 13 
shows the results of actual measurement of dependence on the reflectivity of the output 
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mirror when Cp is 9 nF, C2 is 12 nF, Ar concentration is 3% and the total gas pressure is 3.5 
atmospheres. From the measured results, it can be said that to have the proportion of the 
pulse later half peak at 50% or greater, it is preferable that the reflectivity of the output mirror 
be at least 50%. 

[0097] By selecting the specified conditions above for one or more of the Cp/Cn, Ar 
concentration, total laser gas pressure, gap between main discharge electrodes 2, 2, and 
reflectivity of optical resonator output mirror 6, it is possible to make the proportion of the 
pulse later half peak 50% or greater. 

[0098] The actual laser pulse waveforms based on this knowledge are shown in 
Figures 6, 7 and 8. In these examples, varying just Cp/C2 caused the proportion of the pulse 
later half peak to vary. In all of them, the Ar concentration is 3%, the total gas pressure is 3.5 
atmospheres, the gap between the main discharge electrodes 2, 2 is 16 mm, the reflectivity of 
output mirror 6 is 60%, the concentration of fluorine (partial pressure) is 0.085%, pulse 
duration is 70 ns, and the FWHM of the laser pulse output waveform is 40 ns. In Figure 6, 
Cp/C2 = 8nF/12nF = 0.67, the proportion of the pulse later half peak is 62% and the spectrum 
line width FWHM is 0.31 pm. In Figure 7, Cp/C2 = 9nF/12nF = 0.75, the proportion of the 
pulse later half peak is 50% and the spectrum line width FWHM is 0.35 pm. In Figure 8, 
Cp/C2 = 10 nF/12 nF = 0.83, the proportion of the pulse later half peak is 39% and the 
spectrum line width FWHM is 0.36 pm. This confirms the significance of the value limits 
described above. 

[0099] An ArF excimer laser device is explained above, but it is clear that the basic 
principles that have been explained also apply when the same discharge excitation is used in 
a fluorine laser device in which the laser gas is a mixed gas of fluorine (F 2 ) and a rare gas 
such as helium (He) as a buffer gas, or a KrF excimer laser device in which the laser gas is a 
mixed gas of fluorene (F 2 ), krypton (Kr) and a rare gas such as neon (Ne) as a buffer gas. 

[0100] The ArF excimer laser device, fluorine laser device and KrF excimer laser 
device of this invention have been explained above on the basis of principles and examples, 
but the invention is not limited to the implementation described. Various other modes are 
possible. 

[0101] As is clear from the explanation above, it is possible to realize an ArF excimer 
laser device which connects to the output terminal of a magnetic pulse compression circuit 
and which has a pair of laser discharge electrodes located within the laser chamber and a 
peaking capacitor connected in parallel with the pair of laser discharge electrodes, in which 
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the output waveform of the laser pulse has a bifurcated form comprising a front half peak and 
a later half peak and, if the peak value of the front half peak is Pi and the peak value of the 
later half peak is P 2 and the proportion of the pulse later half peak = P 2 / (Pi + P2) x 100 (%) 
then the proportion of the pulse later half peak is 50% or more. This device has a spectrum 
line width FWHM narrowed to 0.35 pm or less, and is suitable for exposure of 
semiconductors. Moreover, this invention makes longer than normal pulses possible in KrF 
excimer laser devices and fluorine laser devices. 



